Abstract: Siderocelis irregularis Hindák, representing a genus Siderocelis (Naumann) Fott that is known from European temperate waters, was identified as a common phytoplankter in Lake Tanganyika. It was found aposymbiotic as well as ingested (possibly endosymbiotic) in lake heterotrophs, mainly Strombidium sp. and Vorticella spp. The morphology and ultrastructure of the species, studied with LM, SEM and TEM, are described with emphasis on the structure of the cell wall and the pyrenoid.
Introduction
Tight partnerships between algae and aquatic invertebrates, including symbiotic relationships, have long been of interest and a number of excellent reviews are available. In the context of modern biology, Reisser (1992b, p. xii) defined 'symbiosis' as the 'living together in physical contact of organisms of different species', while the interaction between heterotrophic cells and 'symbiotic' chloroplasts derived from ingested algae was mentioned by him as "twilight-zones" of symbiosis included there by tradition.
Many symbiotic genera and species appear closely related to, or fall within, recognized free-living assemblages. However, by strong contrast with the free-living (aposymbiotic) algae the descriptions of most of the symbiotic forms are still quite rudimentary and often contradictory (Reisser 1984) . Following the studies of Brandt (1882) the most commonly applied term to the green autotrophic partners was 'zoochlorellae'. This term, without any taxonomic value and arbitrarily extended to every green algal cell that lives in association with a heterotrophic organism, was characteristic of the confused state of knowledge on symbiotic forms (Reisser 1984) . After many discussions on whether existence in a symbiotic association was a sufficient reason to place these organisms in separate taxa, the systematics of symbiotic species in general came into alignment with that of free-living algae and the term 'zoochlorellae' was abandoned as being taxonomically ambiguous (e.g. Bal 1968; Reisser & Wiessner 1984; Taylor 1984; Reisser 1992a) . It was proposed to replace this obsolete notion by the prefix 'symbiotic', and the exact species or genus designation or, in cases of uncertainty, by 'symbiotic green alga' (Reisser 1984; Reisser & Widowski 1992) . The terms 'endosymbiotic' and 'endosymbiont' were further clarified by Reisser (1992a, p. 2) to be used in a general sense as 'living within genetically different organism. . . which will be called "host" without any implications as to mutual harm or benefit.
Heterotrophic hosts seem to be very fastidious in choosing a potential autotrophic partner. Although the freshwater habitat offers a plethora of diverse cyanoprokaryotes and algae, they pick up exclusively asexual green coccoid species (Reisser 1986 ). Due to their simple morphology, classification by light microscopy alone is not easy. It has commonly been stated that the predominant symbiotic algal partners of freshwater associations belong to the genus Chlorella (with some preference to the Chlorella vulgaris-sorokiniana cluster) and its representatives do not differ principally by morphology or cytology from free-living chlorellae, but are distinguished from them mainly by physiological characteristics (Reisser & Widowski 1992) . More 800 M.P. Stoyneva et al.
recently, the first molecular phylogeny based on 18S rRNA sequences was reported and revealed paramaecian symbionts which were genetically close to so-called Chlorella vulgaris group (Hoshina et al. 2004 (Hoshina et al. , 2005 . Occasionally, other green algae (species of Scenedesmus, Ankistrodesmus, Pleurococcus, Oocystis, Choricystis, Chlamydomonas, Symbiococcum and a few prasinophyceans) have been reported to occur in freshwater symbiotic systems (for references consult Reisser 1984; Rahat 1992; Reisser & Widowski 1992; Nakahara et al. 2004 ). However, these data, based mainly on field observations, need careful corroboration by modern taxonomic methods applied to material grown under laboratory conditions in order to exclude the possibility that the observed algae have only been taken as a food (Reisser 1986; 1992a; Reisser & Widowski 1992) .
The hosts of freshwater endosymbiotic associations can be assigned to different groups but among them the overwhelming are chromalveolate protists, predominantly ciliates. This fact has long been linked with their ability to feed via phagocytosis (Reisser 1992a) . Ciliates are commonly considered as herbivores, but they are actually composed of more or less distinct trophic guilds (Dolan 1991) . The key role that ciliates may play in food webs in lakes was stressed by many authors during the last few decades. These studies have revealed that ciliate communities are composed of a high number of species with different sizes that reflect a diverse range of feeding strategies, ranging from phagotrophic ingestion of particles (including nanoplanktonic algae) to photosynthetic fixation of organic carbon. The photosynthetic capability can be acquired by sequestration of chloroplasts from ingested prey or by possession of photosynthetic cells as endosymbionts (Modenutti et al. 2000; Endo & Taniguchi 2006; Summerer et al. 2007 ). This mixed nutrition, termed mixotrophy, may improve access to scarce nutrients since by excretion of carbohydrates host metabolism could be sustained (e.g. Stabell et al. 2002) . Therefore mixotrophy can be viewed as a kind of symbiosis and also as an adaptive strategy that provides greater flexibility in the planktonic environment and particularly strong advantage in oligotrophic waters (Jones 1994; Schoonhoven 2000) . These easily explains why ciliates appear in quite different types of waters (Stoecker 1998) but are especially common in oligotrophic waters where a close nutrient cycle within the symbiotic association would confer advantages to both symbiotic partners (Fenchel 1987; Modenutti et al. 2000) .
Data on the ecology of freshwater symbiotic associations with algae are still scarce. The first measurement of photosynthetic rates of natural, freshwater-ciliates in situ at different water depths over a whole year was done in a temperate, oligotrophic lake in North Patagonia (Woelfl & Geller 2002) . There the ciliate endosymbiotic algae accounted for up to 25% of the total autotrophic biomass and of the total photosynthesis (op. cit.). The abundance of ciliates is also high in some tropical and subtropical lakes. Laybourn-Parry et al. (1997) estimated a contribution of ca. 40 µg Chl-a L −1 for a tropical coloured lake with abundance of ciliates up to 250 000 L −1 . This suggests that mixotrophic ciliates may play a substantial role in plankton photosynthesis.
The considerable role of ciliates is especially valid for the ancient, large tropical oligotrophic Lake Tanganyika (Hecky & Kling 1981 , 1987 Pirlot et al. 2005 ). There 'the biomass of Strombidium cf. viride nearly equaled or exceeded the phytoplankton biomass during much of the stably stratified period; this protozoan probably has a symbiotic relationship with zoochlorellae, which were always present in it' (Hecky & Kling 1981, p. 548) . More recently, ciliates are still found to be an abundant group in the lake (Descy et al. 2005) and in 2002, total autotrophic carbon was partly sustained by the endosymbionts in Strombidium (Pirlot et al. 2005) . When fixed phytoplankton samples were processed during the same study of Lake Tanganyika, it was observed that this abundant ciliate contained numerous coccoid green algal cells. Similar green cells were detected in the samples in different quantities as free-living or inside other zooplankters (e.g. Vorticella spp.). Using light microscopy the alga was identified as Siderocelis irregularis Hindák, a first record for the lake (Descy et al. 2005) . For the present study, selected samples were prepared for scanning (SEM) and transmission electron microscopy (TEM). Here we describe the cell morphology, cytological peculiarities and reproduction mode of Siderocelis irregularis and we discuss its taxonomic position.
Material and methods
The material was collected from the large deep ancient tectonic tropical Lake Tanganyika. In 2002-2004, standard biweekly phytoplankton sampling at a depth of 20 m was conducted in the regions of Kigoma and Mpulungu. Additional samples through a longitudinal transect of the lake were collected during a cruise in July 2003. A Zeiss Axiovert 135 inverted microscope was used for phytoplankton counting. Detailed investigations on non-permanent slides were carried-out on a Leitz Diaplan microscope with Differential Interference Contrast. Staining involved Indian ink, Methylene Blue, Gentiane Violet and Iodine. TEM methodology followed . Micrographs were taken with a FEI Tecnai 12 TEM microscope with a Gatan CCD camera Bioscan. For SEM studies algal cells were washed with distilled water and dehydrated in a series of ethanol with gradually increasing concentrations (from 10% to 96%; 30 min. each). The material was then transferred to formaldehyde-dimethyl-acetal (FDA -Gerstberger & Leins 1978) for 24 hours, followed by FDA for 2 hours. The sample was critical-point dried with liquid CO2 using FDA as intermedium, sputter-coated with gold-palladium and examined with a Philips XL20 SEM.
Results
Light microscopy: Strombidium sp. (S. cf. viride Stein acc. to Hecky & Kling 1981; Pirlot et al. 2005) , Vorticella spp. and some other zooplankters containing green algal cells were observed in different quantities
Figs 1-11. Siderocelis irregularis Hindák from Lake Tanganyika (LM). 1-9 -aposymbiotic cells (2 stained by Methylene Blue; 4 Stained by Gentian Violet; 5 stained by Indian ink; 7 pyrenoid starch plates after squashing; 8, 9 reproductive stages: 8 group of two connected cells; 9 cross-like group of two by two autospores of different size, stained by Gentian Violet); 10 -cells released from Strombidium sp.; 11 -cells in Vorticella sp.
in the phytoplankton samples. Identical coccoid green cells were found as free-living in the same samples, which, according to the observations based on qualitative samples, were most abundant during the dry season (May-September). In quantitative surface samples from 30 September 2003 the same green alga was found among the phytoplankton dominants, after Anabaenopsis tanganyikae (G. S. West) V. V. Mill., Lobocystis planctonica Tiffany et Ahlstrom and Gloeothece sp. The LM observations revealed the presence of irregularly shaped spherical to broad pyramidal and, more rarely, ellipsoidal coccoid cells with a width of (3.8)-5.1-9.5 µm and a length of (5.12)-8-12.7 µm or, when spherical, with a diameter of (4.8)-6.4-12.8 µm (Figs  1-6 ). The range of cell size during different periods and the change in average dimensions (Figs 12, 13) showed the relatively invariant nature of this feature and together with its relatively low values explains their sensitivity to grazing by zooplankters. There was not a significant difference between the dimensions of the cells inside the protozoans and the free-living cells. The cell contents had a granular appearance without staining (Figs 1, 3 , 5) and clearly warty after staining with Gentian Violet and with Methylene Blue (Figs 4, 9) . Staining with Indian ink did not reveal any mucilage around the cells (Fig. 5) . The chloroplast was large, parietal, and mantle-shaped. Usually one single basal or lateral pyrenoid was seen in each cell, but occasionally two pyrenoids were found (Fig. 6) . The pyrenoid was always surprisingly large (e.g. 3.84 µm in diameter in a cell with dimensions 7.04 × 10.24 µm) and was clearly visible without staining (Figs 1-3, 5, 8, 10 ). The starch sheath composed of 2-10 granules was also clearly visible (Figs 1-5, 8, 10) as was demonstrated by the pyrenoid squash method of Ettl & Gärtner (1988) (Fig. 7) . Staining with iodine solutions revealed additional starch granules in the cells. The samples contained mostly single cells but rarely two connected cells were seen (Fig. 8) which could have arisen a result of cell division or represented just released autospores. Occasionally groups of four autospores were observed arranged in cross-like groups of two by two cells that differed in size (Fig. 9) or groups of four of equal size enclosed by a tight mother cell wall.
Starch-containing cells with undestroyed cell content were found free-living in the plankton as well as inside various zooplankton representatives, but mainly in the oligotrich ciliate Strombidium sp. and in peritrichs like Vorticella spp. (Figs 10, 11) . Cells inside the zooplankters and especially in Strombidium were almost equal in dimensions, but cells with different diameters (from 7.68 to 12.8 µm) were observed in the same organism. The cells inside were single or, rarely, appeared autospore-like: small cells arranged in groups of 2 or 4 without an enclosing mother cell wall. In most cases, the 'granular' coccoid cells were the only particles seen in the protozoans, but occasionally they were found together with other green coccoid algae and very rarely with empty diatom cells. The other green alga seen inside the protozoans was Lobocystis planctonica, one of the most abundant green algae in the lake phytoplankton.
Transmission and scanning electron microscopy: TEM studies confirmed the presence of large pyrenoid covered by 2-10 starch plates (Figs 21, 22) . The pyrenoid was traversed by a number of single undulating thyllakoids (Fig. 22) . The cell walls were thick, multilayered and irregularly undulating, bearing wart or spine-like processes (Figs 14-19 ). The number of layers was variable (ca. 4-5) and included at least one that was relatively thick (Figs 16-19) . The cell walls of autospores had a similar structure (Fig. 15) . Additional discrete dark precipitation granules were found on some cell walls (Fig. 20) . SEM studies (Figs 23-26 ) also revealed the cell wall undulations and the occasional presence of precipitation granules on cell walls.
Discussion
The results from this study revealed the similarity of the cells of the green alga found free-living (aposymbiotic) in the phytoplankton and 'harbored' inside different zooplankters, predominantly in two ciliates -the oligotrich Strombidium sp. and the peritrich Vorticella spp., both of which were abundant in Lake Tanganyika. The first genus is a well known 'green' or 'plastidic ciliate' from different localities especially from Lake Tanganyika, where its trophic role was postulated by Hecky & Kling (1981 , 1987 , Pirlot et al. (2005) and by Descy et al. (2005) . By contrast, green algae have only been reported infrequently in the freshwater ciliate Vorticella (Noland & Finley 1931; Graham & Graham 1978 , 1980 and, as far as we know, never before for Lake Tanganyika. Since both species contribute substantially to the plankton biomass of this tropical great lake, identification of their 'endosymbiont' is important.
This investigation appears to support the opinion of different authors summarized in the review by Reisser & Widowski (1992, p. 34 ) that 'there do not exist any major quantitative differences between symbiotic and aposymbiotic algae'. Comparison of the morphological features of the cells found in our material with the description of Siderocelis irregularis Hindák from temperate freshwaters (Hindák 1980 ) allows us to refer the material to that species. The only morphological difference lies in the relatively larger range of dimensions of the vegetative cells observed in Lake Tanganyika (3-12 µm) compared with the original description by Hindák (1980) (4-7 × 5-10 µm) . Since the deviations were relatively small and towards both extremes, we do not find them significant enough to justify the description of a new taxon.
With respect to the morphology of reproductive structures, differently sized autospores have been found in our samples. To our knowledge, only autospores of equal size have been depicted for the representatives of S. irregularis and for the genus Siderocelis Fott. in general. It is noted that in the closely related genus Chlorella Beij. from Trebouxiophyceae (Tsarenko et al. 2006 ) unequal autospores have been described for Chlorella trebouxioides Punčoch. (Punčochářová 1994) . Therefore, in our opinion, the presence of unequal autospores or autospores of consecutive growth is not a valid reason for the description of a new taxon.
Autospores were observed inside the ciliates, but without proper experiments it is not possible to conclude that this alga is able to reproduce inside the hosts, or was ingested in this status. According to the dimen-Figs 14-26. Siderocelis irregularis Hindák in Lake Tanganyika (TEM and SEM). 14-22 -ultrastructure of S. irregularis (TEM): arrows indicate remnants of mother cell wall (15), cell wall 'spines ' (16, 18, 19) and precipitation granules (20); 23-26 -cell morphology of S. irregularis (SEM); arrows indicate precipitation granules.
sions and general statements about the size of algae vulnerable to grazing, we assume that, most likely, the alga continues to reproduce after being ingested. This suggestion is in agreement with the results of Stabell et al. (2002) who showed that the gross growth rate of algal endosymbionts in mixotrophic ciliates is always close to maximum.
The TEM investigations, carried out for first time on Siderocelis irregularis, allow us to enrich the information on the ultrastructure of the pyrenoid and cell wall. The importance of these features in the systematics of green algae is well established (e.g. Atkinson et al. 1972 . The large basal pyrenoid of the studied specimens is penetrated by numerous single undulating thyllakoids and is covered by 2-10 starch plates. The 'granulation' of the cells, well visible under the light microscope even at 40× magnification, is obviously due to the abundant and irregular undulations of the cell walls. The presence of additional precipitation granules corroborates the findings of Crawford & Heap (1978) in another species of Siderocelis.
Since the first finding of sporopollenin in coccoid green algae by Atkinson et al. (1972) the role of this compound and other likely components (algaenans) was widely interpreted as a mechanism to enhance grazing resistance that was particularly important for endosymbionts. Different authors appear to hold differing views on this topic. According to Douglas & Huss (1986) and Reisser & Widowski (1992) sporopollenin is not a general feature of cell walls of symbionts, and protection against host digestive enzymes can be provided by features other than a resistant cell wall structure. Due to lack of chemical analysis on Siderocelis irregularis, it is possible only to compare data with its 'close relatives'. Sporopollenin and sporopollenin-like compounds were detected in close relatives of Siderocelis in the Trebouxiophyceae (e.g. Kalina & Punčochářová 1987; Gärtner & Ingolić 1993) . Therefore sporopollenin or its alike substances may also be present in S. irregularis. It is conceivable that the presence of sporopollenin, combined with the thick walls consisting of multiple layers, are an effective defense mechanism against grazing by zooplankton. It could enable S. irregularis to survive after ingestion by Strombidium, Vorticella or other zooplankters, and even to be released afterwards without visible damage.
In conclusion, according to the morphological analysis and in the absence of molecular data, the taxonomical identity of the specimens found in Lake Tanganyika is provisionally determined as Siderocelis irregularis Hindák. It contributed to the phytoplankton biomass in a free-living state (aposymbiotic) as well as ingested (possibly endosymbiotic) by lake heterotrophs, particularly the ciliates Strombidium sp. and Vorticella spp. According to the drawing provided by Hecky & Kling (1987 -Fig. 42 ) it is assumed that this species was recorded earlier (in 1975) as symbiotic in Strombidium cf. viride. The identification of the species, based on LM, SEM and TEM, has provided additional information on the morphology, reproduction, ecology and distribution of the representatives of the genus Siderocelis (Naumann) Fott. It was previously known mainly from temperate waters of Europe and was reported from large lakes of Africa with the species S. kolkwitzii (Naumann) Fott (Cocquyt et al. 1993) . Just recently, S. irregularis was found in a free-living status in another lake from the same system of African great rift lakes -as a very rare species in Lake Kivu (Sarmento et al. 2007 ).
